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The ends of sensing and interrogating multicore fibers are
brought into proximity for connection 1n a first orientation
with one or more cores in the sensing fiber being paired up
with corresponding one or more cores in the iterrogating
fiber. Optical interferometry 1s used to interrogate at least
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represents a degree of alignment for the core pair in the first
orientation. The relative position 1s adjusted between the
ends of the fibers to a second orientation. Interferometry 1s
used to interrogate the core pair and determine a second
reflection value that represents a degree of alignment for the
core pair 1n the second ornientation. The first retlection value
1s compared with the second reflection value, and an aligned
orientation 1s identified for connecting the sensing and
interrogating fibers based on the comparison.
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1

Bring ends of the sensing and mterrogating multicore optical fibers into prox-
imity for connection i a first orientation with cores i the sensing multicore
optical fiber being paired up with a corresponding cores 1 the mterrogating

miiticore optical fiber.

++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++
!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!

52

Use optical inferferometry to interrogate one or more pair of cores and deternune a
first reflection value from the sensing fiber in at least one paw that represents a degree
of ahgnment for the ong pair of cores 1 the first ontentation.

- - T
iiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiii
+++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++

D3

Adjust relative position between the ends of two multicore fibers to a second
: et L
v , . :::
orientation.

++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++
------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

+ Use optical mterferometry 1o mterrogate one or raore pair of cores and determmmne a
L second reflection value from the sensing fiber in at icast one patr that represents a degree §
* of alignment for the one pair of cores 1n the second onentation. :

-
+++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++
++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++

Compare the hirst reflection value that represents a degree of alignment tor the one pair
of cores int the first orientation with the corresponding second reficction value that
represents a degree of alignment for pamr of cores mn the second onentation.
Optionally repeat and return to 53.

+* b+
+++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++
++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++

Identify an ahignment onientation for connecting the two multicore fibers based on
the corpparisorn,

rrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrr
||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||
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- Asystem controlier initiates a tunabie light source o scan |
_ through a range of optical freguency.
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INTERFEROMETRIC ALIGNMENT OF
OPTICAL MULTICORE FIBERS TO BE
CONNECTED

RELATED APPLICATIONS

This patent application 1s a continuation of and claims the
benelfit of priority under 35 U.S.C. § 120 to U.S. patent
application Ser. No. 15/524,388, filed on May 4, 2017,
which 1s the U.S. national phase of International Application
No. PCT/US2016/024021 filed Mar. 24, 2016, which des-
ignated the U.S. and claims priority to and the benefit of the
filing date of U.S. Provisional Patent Application 62/139,
096, entitled “INTERFEROMETRIC ALIGNMENT OF
OPTICAL MULTICORE FIBERS TO BE CONNECTED,”
filed Mar. 27, 2013, the entire content of each of which 1s
incorporated by reference herein 1n its entirety.

TECHNICAL FIELD

The technology relates to optical fiber connections.

INTRODUCTION

Optical fibers contain one or more optical cores sur-
rounded typically by cladding, a bufler material, and a
jacket. Optical fibers need to be connected accurately, reli-
ably, and inexpensively. This 1s challenging for optical fibers
that contain multiple optical cores, referred to as a “multi-
core fiber,” because each of the corresponding cores should
be aligned when two multicore fibers are connected. Even
when the outer surfaces of the two multicore fibers, e.g., the
terrules covering the fibers, are aligned 1n a connector, the
corresponding cores within the connector for the two fibers
may not be aligned or could be aligned more accurately.
Small misalignments can adversely impact the amount of
light transferred between the connected multicore fibers.

SUMMARY

Example embodiments of the technology described in this
application relate to a method for aligning one or more cores
in a sensing multicore optical fiber with one or more cores
in an interrogating multicore optical fiber. Each core 1n the
sensing multicore optical fiber 1s paired with a respective
core 1n the iterrogating multicore optical fiber to form a
core pair. Optical mterferometry 1s used to interrogate at
least one core pair through the interrogating core and to
determine a {irst reflection value from the sensing core 1n the
core paitr that represents a degree of alignment for the core
pair 1n a first ortentation. Optical interferometry 1s also used
to interrogate the core pair through the interrogating core
and to determine a second retlection value from the sensing
core 1n the core pair that represents a degree of alignment for
the core pair 1n a second orientation. An alignment orienta-
tion for the core pair 1s 1dentified based on the first retlection
value and to the second retlection value.

The method may be performed for multiple core pairs.

The relative position between the ends of the sensing and
interrogating cores may be adjusted to the aligned orienta-
tion, and the sensing multicore optical fiber connected to the
interrogating multicore optical fiber with the core pair 1n the
alignment orientation. In one example implementation, the
first reflection value that represents a degree of alignment for
the core pair 1n the first orientation 1s compared with the
corresponding second reflection value that represents a
degree of alignment for the core pair 1 the second orien-
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2

tation, and the alignment orientation for connecting the core
pair 1s 1dentified based on the comparing. The adjusting may
include rotation of one or both of the sensing core followed
by interrogating core 1n the core pair.

In another example implementation, at least the ends of
the sensing and interrogating multicore fibers are placed in
a groove of a structure with the ends of the sensing and
interrogating multicore fibers being brought 1into proximity
for connection. One or both of the sensing and interrogating
multicore fibers 1s then rotated in the groove.

In another example implementation, the sensing multicore
fiber 1s included in a first ferrule and the interrogating
multicore fiber 1s included 1n a second ferrule. The adjusting
includes rotation of one or both of the first and second
terrules. At least the ends of the first and second ferrules may
be placed 1n a split sleeve connector, and one or both of the
first and second {ferrules is/are rotated while the first and
second ferrules are in the split sleeve.

The optical mterferometry may for example be optical
frequency domain reflectometry (OFDR).

As described 1n more detail below, the sensing multicore
optical fiber 1s associated with a surgical instrument an
example application. OFDR sensing and processing of
reflected light from the sensing multicore optical fiber 1s
used to determine the position and/or shape of at least some
portion of the surgical instrument.

In example implementations, the aligned orientation for
connecting the core to pair 1s 1dentified based on a largest
minimum measured reflection amplitude for the core pair
and/or based on one or more of 1nsertion loss and return loss
for the core pair. The first and second reflection values may
be from Bragg gratings in the sensing core of the core pair
and/or from Rayleigh scatter in the sensing core of the core
pair.

Example embodiments of the technology described 1n this
application also relate to an apparatus for aligning one or
more cores 1n a sensing multicore optical fiber and one or
more cores 1n an interrogating multicore optical fiber, where
cach core 1n the sensing multicore optical fiber 1s paired with
a respective core 1n the interrogating multicore optical fiber
to form a core pair. An optical interferometer 1s configured
to iterrogate at least one core pair and to determine a first
reflection value from the sensing multicore optical fiber in
the core pair that represents a degree of alignment for the
core pair 1n the first orientation. The optical interferometer
1s further configured to interrogate the core pair through the
interrogating core and to determine a second retlection value
from the sensing core in the core pair that represents a
degree of alignment for the core pair in a second orientation.
Circuitry 1s configured to 1dentily an alignment orientation
for the core pair based on the first reflection value and the
second retlection value.

An actuator 1s configured to adjust the relative position
between the ends of the sensing and interrogating multicore
optical fibers to a second orientation. A connector 1S con-
figured to connect the sensing multicore optical fiber to the
interrogating multicore optical fiber with the core pair in the
alignment orientation. For example, the actuator may be
configured to rotate one or both of the sensing and interro-
gating multicore fibers.

In an example implementation, the apparatus includes a
structure having a groove, and wherein the actuator 1s
configured to rotate one or both of the sensing and interro-
gating multicore fibers while the sensing and interrogating
multicore fibers are 1n the groove.

In an example implementation, the apparatus includes a
first ferrule including the sensing multicore fiber and a
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second ferrule including the interrogating multicore fiber.
The actuator 1s configured to rotate one or both of the first

and second ferrules. A split sleeve structure may be used to
encompass at least the ends of the first and second ferrules
configured to bring the ends of the sensing and interrogating
multicore {fibers into proximity for connection. In this
example, the actuator 1s configured to rotate one or both of
the first and second {ferrules while the first and second
terrules are 1n the split sleeve.

Example embodiments of the technology described in this
application also relate to a surgical system that includes a
first multicore optical fiber having one or more cores and a
mounting interface for a surgical instrument. The surgical
istrument includes a second multicore optical fiber. Fach
core 1n the first multicore optical fiber 1s paired with a
respective core 1n the second multicore fiber to form a core
pair. An optical interferometer coupled to the first multicore
fiber 1s configured to interrogate at least one core pair in a
first orientation to determine a first retlection value from the
second multicore optical fiber in the core pair, and 1nterro-
gate the core pair mn a second orientation to determine a
second retlection value from the second multicore optical
fiber 1n the core pair. The first and second reflection values
represent {irst and second degrees of alignment, respectively,
for the core pair. A processor 1s configured to 1dentify an
alignment orientation for the core pair based on the first
reflection value and the second reflection value.

In an example implementation, an actuator 1s configured
to adjust the relative position between the ends of the first
and second multicore optical fibers to a second orientation.
A connector 1s configured to connect the second multicore
optical fiber to the first multicore optical fiber with the core
pair 1n the alignment orientation. The actuator may be
configured to rotate one or both of the first multicore optical
fiber and the second multicore optical fiber while the first
multicore optical fiber and to the second multicore optical
fiber are 1n a groove. Another alternative i1s to use a first
terrule including the first multicore optical fiber and a
second ferrule including the second multicore optical fiber.
The actuator 1s configured to rotate one or both of the first
and second ferrules. At least the ends of the first and second
ferrules may be placed 1n a split sleeve structure to bring the
ends of the first and second multicore optical fibers into
proximity for connection. In this case, the actuator i1s con-
figured to rotate one or both of the first and second ferrules
while the first and second ferrules are 1n the split sleeve.

In an example implementation, the optical interferometer
includes an optical frequency domain reflectometer which 1s
configured to sense and process reflected light from the
second multicore optical fiber to determine the position
and/or shape of at least some portion of the surgical instru-
ment.

A method, apparatus, and surgical system as described
herein.

BRIEF DESCRIPTION OF TH.

(L]

DRAWINGS

FIGS. 1A and 1B show cross-sections of misaligned
multicore fibers to be connected;

FIG. 2 shows an example v-shaped groove support for
bringing two multicore fibers 1nto abutment for connection;

FIGS. 3A and 3B show a breakaway of both sides of the
supported fibers from FIG. 2 indicating that rotation of at
least one of the fibers 1s needed for better core alignment;

FI1G. 4 1llustrates a non-limiting example embodiment for
an interferometrically-based multicore fiber alignment sys-
tem;
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FIG. 5 1s a flowchart 1llustrating example procedures for
interferometrically-based multicore fiber alignment for con-

nection;

FIG. 6 shows a non-limiting example embodiment using
an OFDR-based multicore fiber alignment system:;

FIG. 7 1s a flowchart illustrating example procedures for
interferometrically-based multicore fiber alignment for con-
nection for interferometrically-based multicore fiber align-
ment system i FIG. 7;

FIG. 8 shows a non-limiting example embodiment 1n a
surgical system;

FIG. 9A shows a multicore fiber 1n a ferrule with FIGS.
9B and 9C showing a side view of an exaggerated example
of cleaved ends of abutting misaligned multicore fibers to be
connected 1n their respective ferrules;

FIG. 10 shows non-limiting example details for mounting
two multicore fibers for alignment in accordance with
another example embodiment; and

FIGS. 11A-11E are example graphs of retlection v. dis-
tance showing iterative increasing alignment of two multi-
core fibers using the example OFDR-based multicore fiber
alignment system.

DETAILED DESCRIPTION

The following description sets forth specific details, such
as particular embodiments for purposes of explanation and
not limitation. But 1t will be appreciated by one skilled 1n the
art that other embodiments may be employed apart from
these specific details. In some instances, detailed descrip-
tions of well known methods, interfaces, circuits, and
devices are omitted so as not to obscure the description with
unnecessary detail. Individual blocks are shown in the
figures corresponding to various nodes. Those skilled in the
art will appreciate that the functions of those blocks may be
implemented using individual hardware circuits, using sofit-
ware programs and data in conjunction with a suitably
programmed digital microprocessor or general purpose
computer, and/or using applications specific itegrated cir-
cuitry (ASIC), and/or using one or more digital signal
processors (DSPs). Software program instructions and data
may be stored on a non-transitory, computer-readable stor-
age medium, and when the instructions are executed by a
computer or other suitable processor control, the computer
or processor performs the functions associated with those
instructions.

Thus, for example, 1t will be appreciated by those skilled
in the art that diagrams herein can represent conceptual
views ol 1illustrative circuitry or other functional to units.
Similarly, it will be appreciated that any flow charts, state
transition diagrams, pseudocode, and the like represent
various processes which may be substantially represented in
computer-readable medium and so executed by a computer
or processor, whether or not such computer or processor 1s
explicitly shown.

The functions of the various illustrated elements may be
provided through the use of hardware such as circuit hard-
ware and/or hardware capable of executing software in the
form of coded instructions stored on computer-readable
medium. Thus, such functions and illustrated functional
blocks are to be understood as being either hardware-
implemented and/or computer-implemented, and thus
machine-implemented.

In terms of hardware implementation, the functional
blocks may include or encompass, without limitation, a
digital signal processor (DSP) hardware, a reduced instruc-
tion set processor, hardware (e.g., digital or analog) circuitry
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including but not limited to application specific integrated
circuit(s) (ASIC) and/or field programmable gate array(s)
(FPGA(s)), and (where appropriate) state machines capable
ol performing such functions.

In terms of computer implementation, a computer 1s
generally understood to comprise one or more processors or
one or more controllers, and the terms computer, processor,
and controller may be employed interchangeably. When
provided by a computer, processor, or controller, the func-
tions may be provided by a single dedicated computer or
processor or controller, by a single shared computer or
processor or controller, or by a plurality of individual
computers or processors or controllers, some of which may
be shared or distributed. Moreover, the term “processor” or
“controller” also refers to other hardware capable of per-
forming such functions and/or executing software, such as
the example hardware recited above.

There are a variety of ways that two optical fibers may be
connected such as but not limited to mechanical splicing that
holds the ends of the fibers together mechanically and fusion
splicing that uses heat to fuse the ends of the fibers together.
For purposes of the description below, the term connector
encompasses the variety of ways for to connecting optical
fibers.

FIGS. 1A and 1B show cross-sections of multicore optical
fibers 10 and 12 to be connected, each fiber having four
optical cores A, B, C, and D. Although the non-limiting
example 1n the description uses four cores for illustration,
the technology set forth in the application applies to two
cores, three cores, and greater than four cores. Even when
the outer surfaces of the two multicore fibers 10 and 12, e.g.,
the ferrules covering the fibers, are aligned for connection,
the corresponding cores A-A, B-B, C-C, and D-D within or
at the connection for the two fibers may not be aligned or
could be aligned more accurately. Small misalignments can
adversely impact the amount of light transferred between the
connected multicore fibers A-A, B-B, C-C, and D-D. FIG.
1B shows a clockwise rotational misalignment around the
center core A such that cores B-B, C-C, and D-D for
multicore fibers 10 and 12 are not aligned.

FIG. 2 shows an example structure 14 with a V-shaped
groove 1n which the two fibers may be placed for abutment
of the connecting ends of the fibers 10 and 12. More
particularly, the V-groove provides a fast, simple, and 1nex-
pensive structure for bringing two multicore fibers into
abutment for connection and typically with the center cores
A-A reasonably accurately aligned. But one or more ofl-
center core pairs, B-B, C-C, and D-D 1n the examples 1n
FIGS. 1A, 1B and 2A and 2B, are misaligned. The V-groove
1s an example ol a groove. More generally, a groove encom-
passes a channel, a slot, a cut, a depression, and the like.

FIGS. 3A and 3B show a breakaway of both sides of the
V-groove supported fibers from FIG. 2 indicating that rota-
tion of at least one of the fibers 1s needed for better core
alignment for the ofl-center core pairs. When two multicore
fibers are connected with misaligned core pairs, optical
performance of the connected fiber decreases significantly,
¢.g., 1n term of sertion loss, return loss, etc. The groove
alignment support 1s very low cost and advantageously
provides a way to align and connect the cores 1 optical
fibers placed 1nto the groove without requiring the fibers to
be encased 1n to prealigned ferrules. A non-limiting ferrule
and fiber alignment and connection example embodiment 1s
described below 1n conjunction with FIG. 10.

FI1G. 4 1llustrates a non-limiting example embodiment for
an interferometrically-based multicore fiber alignment sys-
tem that overcomes these alignment problems and improves
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6

the optical performance of the connected fiber dramatically.
This alignment system i1s particularly advantageous when an
optical interrogator 1s connected to the optical fiber 1n
normal use. In other words, since the optical interrogator 1s
already present, using 1t to provide information about the
quality of the core alignment and/or connection does not add
expense or significant complexity to the system.

FIG. 4 1s described 1n conjunction with the flowchart 1n
FIG. § illustrating example procedures for interferometri-
cally-based multicore fiber alignment. First, the ends of the
sensing and interrogating optical multicore fibers 10 and 12
are placed 1 a groove of structure 14 1nto proximity for
connection in a first orientation with cores in the sensing
multicore fiber being paired up with corresponding cores in
a second multicore fiber, e.g., cores A-A are a core pair and
cores B-B are a core pair (step S1). The sensing fiber 10 1n
this example 1s on a sensor or application side of the
connection, and the interrogating fiber 12 1n this example 1s
on an optical mterrogator side of the connection. An optical
interferometer (an interferometric interrogation system 18 1n
the example embodiment of FI1G. 4) interrogates one or more
pairs ol cores and determines a first value that represents a
first degree of alignment for one of the one or more pairs of
cores 1n the first orientation (step S2). Although multiple or
even all of the pairs of cores may be interrogated and
processed, satisfactory results may be obtained by mterro-
gating just one radial core pair (other than the center core
pair).

The relative position between the ends of two multicore
fibers 1s adjusted to a second orientation via an actuator (step
S3). In the example embodiment of FIG. 5, the actuator 1s a
fiber rotator 22 controlled by a controller 20, which receives
an output signal from the mterferometric iterrogation sys-
tem 18. Alternatively, a fiber rotator be used on the sensor
side, or two fiber rotators could be used. In addition, the fiber
rotator may be to controlled by a signal directly from the
interferometric interrogation system 18.

The optical interferometer subsequently interrogates the
one or more pairs of cores and determines a second retlec-
tion value from the sensing multicore optical fiber 1n the one
pair of cores that represents a degree of alignment for the
one pair of cores 1n the second orientation (step S4). The first
reflection value that represents a degree of alignment for the
one pair of cores 1n the first orientation are compared by a
comparator with the corresponding second reflection value
that represents a degree of alignment for the one pair of
cores 1n the second orientation (step S3). The comparator
could be a part of other circuitry, part of the interferometric
interrogation system 18, part of the controller 20, or even a
standalone circuit. An alignment orientation for connecting,
the two multicore fibers may then be determined based on
the comparison (step S6). For example, the orientation with
the greatest retlection value may be used. Alternatively, the
process may repeat one or more times starting from step S3
until an orientation with a greatest reflection value 1s deter-
mined. Still further, the process may repeat one or more
times starting from step S3 until a predetermined level of
alignment accuracy i1s achieved. Ultimately, the fibers are
connected at the orientation with the desired alignment.

Typically, for fibers with a center core and one or more
outer cores, the optical interrogator assesses the quality of
the orientation and/or connection between the outer cores of
the connected multicore fiber. The interrogator may sense
Bragg grating signal amphtude or Rayleigh scatter ampli-
tude from interrogated core pairs depending on the type of
sensor. In one example embodiment, the interrogator con-
tinuously measures the amplitude of the measured light
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signal as the connection for one or more core pairs 1s
adjusted. The connection adjustment that produces a largest
mimmum amplitude across all of the cores may be used for
example because tests have shown that performance 1s often
controlled by the lowest performing core pair in a multicore
fiber.

Increased optical fiber performance and/or robustness are
benefits. Another benefit 1s that lower tolerance fiber con-
nector can be used, (thereby reducing the cost and/or com-
plexity of the connector), and that lower tolerance compen-
sated for using the to adjustment capability described above.

FIG. 6 shows a non-limiting example embodiment using,
an Optical Frequency Domain Reflectometry (OFDR )-based
multicore fiber alignment system that finds advantageous
example application to optical strain sensing. Optical strain
sensing 1s useful for measuring physical deformation of a
core caused by, for example, the change in tension, com-
pression, or temperature ol an optical fiber. A continuous
measure of strain along the length of a core can be derived
by interpreting the optical response of the core using swept
wavelength inteferometery. Optical time domain measure-
ments with high resolution and high sensitivity may be
achieved using Optical Frequency Domain Reflectometry
(OFDR). These measurements enable several important
fiber-optic sensing technologies, such as distributed strain
sensing. Distributed strain measurements performed upon a
multi-core optical fiber permit determination of a three
dimensional position of the fiber as detailed 1n U.S. Pat. No.
8,773,650, the contents of which are incorporated herein by
reference. A multiple channel OFDR 1s connected to several
independent optical or cores within the multi-core optical
fiber. The strain responses of these cores (reflections from
Bragg gratings in the core and/or retlections Rayleigh scatter
in the core) are simultaneously measured as the fiber is
placed 1n a given configuration. The relative positions of the
cores along the length of the multi-core optical fiber allow
determination of a strain profile of the multi-core optical
fiber. The strain profile may be used to determine the three
dimensional position of the fiber, or one or more of the
components (1)-(3) of this profile may be used indepen-
dently.

An OFDR-based distributed strain sensing system
includes a tunable light source 23, an interferometric inter-
rogator 26, a laser monitor network 28, an optical fiber
sensor including an interrogator side fiber 12, a connector
24, and a sensor side fiber 10, data acquisition electronic
circuitry 32, and a system controller data processor 30 as
depicted 1n an example multi-channel OFDR system 21 1n
FIG. 6. Each channel corresponds to a fiber core.

FI1G. 7 1s a flowchart 1llustrating example procedures for
to interferometrically-based multicore fiber alignment and
connection for interferometrically-based multicore fiber
alignment and connection system in FIG. 6. The steps
describe the operation for one core that 1s applied to each of
the cores 1n the multicore fiber.

During an OFDR measurement, a tunable light source 23
1s swept through a range of optical frequencies (step S10).
This light 1s split with the use of optical couplers and routed
to two separate interferometers 26 and 28. The first inter-
ferometer 26 serves as an interferometric iterrogator and 1s
connected via a connector 24 to a length of multicore
sensing fiber. Light enters the multicore sensing fiber 10
through the measurement arm of the interferometric inter-
rogator 26 (step S11). Scattered light from the sensing fiber
10 1s then interfered with light that has traveled along the
reference arm of the interferometric interrogator 26 (step
S12). The laser monitor network 28 contains a Hydrogen
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Cyanide (HCN) gas cell that provides an absolute wave-
length reference throughout the measurement scan (step
S13). The second interferometer, within the laser momitor
network 28, 1s used to measure fluctuations in tuning rate as
the light source 1s scanned through a frequency range (step
S14). A series of optical detectors (e.g., photodiodes) con-
vert the light signals from the laser monitor network, gas
cell, and the interference pattern from the sensing fiber to
clectrical signals (step S135). A data processor in a data
acquisition unit 32 uses the information from the laser
monitor 28 interferometer to resample the detected interfer-
ence pattern of the sensing fiber 10 so that the pattern
possesses 1ncrements constant in optical frequency (step
S16). This step 1s a mathematical requisite of the Fourier
transform operation. Once resampled, a Fourier transform 1s
performed by the system controller 30 to produce a light
scatter signal 1n the temporal domain for an initial orienta-
tion of the multicore fibers 12 or 10 (step S17). In the
temporal domain, the amplitudes of the light scattering
cvents are depicted verses delay along the length of the fiber.
Using the distance that light travels 1n a given increment of
time, this delay can be converted to a measure of length
along the sensing fiber. In other words, the light scatter
signal 1ndicates each scattering event as a function of
distance along the fiber. The sampling period is referred to
as the spatial resolution and 1s 1nversely proportional to the
frequency range that the tunable light source 23 was swept
through during the measurement.

One or both of the multicore fibers 12 or 10 1s adjusted to
a new orientation, e.g., rotated by fiber rotator 22 or by a
ferrule rotator such as that shown below 1n FIG. 10, and then
the steps S10-S17 are repeated (step S18). The scatter
amplitudes for the initial orientation are compared to those
for the new orientation (or the amplitudes for the two most
recent orientations are compared) to determine if they are
within an acceptable difference (step S19). If not, then the
process returns to step S18; 1t so, then the adjustment 1s
complete (step S20), and the fibers are connected.

FIG. 8 shows a non-limiting example embodiment for a
surgical system 800 that includes a manipulator arm 810 on
which a surgical instrument 850 1s removably mounted via
a mounting interface 816. Mounting interface 816 allows
communication between surgical system 800 and instrument
8350 of power, data, control signals, and any other operative
modalities. A local or remote user interface 802 allows a user
to mteract with surgical system 800 and instrument 850.

Surgical system 850 further includes a multiple channel
OFDR system 21 coupled to an interrogating fiber 12 that
terminates 1n a connector 812. Instrument 850 includes a
sensing fiber 10 that terminates 1n a connector 852 that mates
with connector 812. Surgical system 850 also includes an
alignment actuator 814 that allows rotation of fiber 12 1n
response to measurements by multiple channel OFDR sys-
tem 21 to align the interrogator side and sensor side fibers
for connection 24, as explained in example embodiments
above (in various embodiments, multiple channel OFDR
system 21 can also be used to measure the shape of and/or
strain associated with surgical instrument 850 during clinical
use).

In some embodiments, alignment actuator 814 can be an
active adjustment mechanism (e.g., a motorized system that
adjusts the rotation of interrogating fiber 12 with respect to
sensing fiber 10 in response to the output of multiple channel
OFDR system 21), and in other embodiments, alignment
actuator 814 can be a passive adjustment mechanism (e.g.,
a manually adjustable structure that a user manipulates 1n
response to the output of multiple channel OFDR system
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21). In various other embodiments, alignment actuator 814
can include both automated and manual adjustment capa-
bilities.

While alignment actuator 814 1s depicted on manipulator
arm 810 for exemplary purposes, in various other embodi-
ments, alignment actuator 814 can be positioned anywhere
on surgical system 800. In various other embodiments,
instrument 850 can additionally or alternatively include 1ts
own alignment actuator 8354 (active and/or passive) for
adjusting the rotation of sensing fiber 10 with respect to
interrogating fiber 12. Note further that the particular routing
and placement of sensing fiber 10 and interrogating fiber 12
depicted in FIG. 8 i1s intended to be exemplary and not
limiting. For example, 1n various embodiments, fiber 12 can
be routed on or within manipulator arm 810 or along any
other path.

FIG. 9A shows a non-limiting example embodiment
involving a multicore fiber 1n a ferrule. FIGS. 9B and 9C
showing a side view of an exaggerated example of cleaved
ends of abutting misaligned multicore fibers 10 and 12 to be
connected in their respective ferrules 13 an 15. Ferrule
mounted fibers are often angle polished to reduce retlection
with ferrule and fiber end angles other than 90 degrees, e.g.,
8 or 9 degrees from vertical. Alignment of ferrule mounted
fibers 1s also a problem, even 1n the presence of the angle
polish. Even when the outer surfaces of the angularly
cleaved ferrules 13 and 15 are aligned for connection and the
center core pair A-A 1s aligned, the corresponding core pairs
B-B, C-C, and D-D for the multicore fibers 10 and 12 are not
aligned, as indicated by the dashed lines. The amount of
height displacement 1s indicated with double-headed arrows.
Accordingly, some rotation of the ferrule can improve the
fiber connection.

FIG. 10 shows non-limiting details for an example con-
nector for connecting two multicore fibers embedded 1n their
respective ferrules for alignment 1n accordance with another
example embodiment. FIGS. 3A and 3B above show a
groove to 1mtially align the center cores of two optical fibers
for connection without ferrules. FIG. 10 uses a split sleeve
connector because commercially available and mnexpensive
to sapphire ferrules and split sleeve connectors do a good job
of aligning the center cores of multicore fibers that have
center cores when the two ferrules are abutted together. This
relatively cheap and easy split sleeve connector restricts the
active alignment to a single degree of freedom of the
connector. A round ferrule 37 holds the interrogator side
multicore fiber 10 precisely (e.g., +—<1 micron) in the center
of a high precision, preferably but not necessarily mass-
produced split sleeve 36. The split sleeve 1s tlexibly sup-
ported, e.g., by springs 38, so that 1t can adjust position. The
terrule 37 for the multicore fiber 10 1s solidly connected to
a structure 40 with a relatively large flat surface to fix the
rotational angle of the ferrule.

On the left side, there 1s a corresponding, rotatable ferrule
39 within the split-sleeve 36 that does not aflect the split-
sleeve connector alignment of the center cores. The rotatable
terrule 39 contains the sensor side multicore fiber 12.
Flexibly mounting the split-sleeve 36 allows the split-sleeve
36 to reposition 1n space to accommodate the two ferrules 39
and 37. The ferrule 39 1s rotated using a multi-link universal
joint 42 connected to a motor 44 that transmits torque and
some axial force. Although there 1s a space shown between
the ferrules 39 and 37, in practice they are moved 1nto
contact, e.g., by springs that provide a compressional force
on the sensor side. Once optimal core alignment 1s achieved,
the two fibers may be connected.
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FIGS. 11A-11E are example graphs of reflection v. dis-
tance showing iterative increasing alignment of two multi-
core fibers using the example OFDR-based multicore fiber
alignment system. If the cores are not well aligned, and
reflection 1s measured as a function of distance along the
center core and one outer core, the plot shown 1 FIG. 11A
1s produced with the substantial amplitude difference shown.
The dark wavetorm corresponds to the reflected amplitude
detected for the center core and the lighter waveiform cor-

responds to the reflected amplitude detected for one outer
core. As the two multicore fibers are rotated towards closer
alignment, the amplitude on the outer core (lighter wave-
form) gets progressively larger as shown 1n FIGS. 11B-11D.
FIG. 11E signals that a desired alignment 1s achieved, e.g.,
when the two waveforms have about the same average
amplitude.

Although various embodiments have been shown and
described 1n detail, the claims are not limited to any par-
ticular embodiment or example. None of the above descrip-
tion should be read as implying that any particular element,
step, range, or function 1s essential such that 1t must be
included 1n the claims scope. The scope of patented subject
matter 1s defined only by the claims. The extent of legal
protection 1s defined by the words recited 1n the allowed
claims and their equivalents. All structural and functional
equivalents to the elements of the above-described preferred
embodiment that are known to those of ordinary skill in the
art are expressly incorporated herein by reference and are
intended to be encompassed by the present claims. More-
over, 1t 15 not necessary for a device or method to address
cach and every problem sought to be solved by the tech-
nology described, for it to be encompassed by the present
claims. No claim 1s mtended to invoke paragraph 6 of 35
USC § 112 unless the words “means for” or “step for” are
used. Furthermore, no embodiment, feature, component, or
step 1n this specification 1s mtended to be dedicated to the
public regardless of whether the embodiment, feature, com-
ponent, or step 1s recited in the claims.

What 1s claimed 1s:

1. A method for aligning a sensing multicore optical fiber
with an interrogating multicore optical fiber, the sensing
multicore optical fiber comprising a center sensing core and
one or more ofl-center sensing cores, and the interrogating
multicore optical fiber comprising a center interrogating
core and one or more ofl-center interrogating cores, wherein
the center sensing core 1s paired with the center interrogating,
core, and wherein the one or more off-center sensing cores
are paired with the one or more ofl-center interrogating cores
to form one or more ofl-center core pairs, the method
comprising;

aligning the center sensing core with the center interro-

gating core;

for an off-center core pair of the one or more ofl-center

core pairs, using optical interferometry to interrogate
the oil-center core pair through the off-center interro-
gating core of the ofl-center core pair and to determine
a first reflection value from the off-center sensing core,
wherein the first retlection value represents a degree of
alignment for the ofl-center core pair 1n a first orien-
tation;

tor the off-center core pair of the one or more off-center

core pairs, using optical interferometry to interrogate
the off-center core pair through the off-center interro-
gating core of the off-center core pair and to determine
a second reflection value from the off-center sensing
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core, wherein the second retlection value represents a
degree of alignment for the ofl-center core pair 1n a
second orientation; and

identifying an alignment orientation for connecting the

sensing multicore optical fiber and the interrogating
multicore optical fiber based on at least the first reflec-
tion value and the second reflection value.

2. The method of claim 1, further comprising;:

adjusting a relative rotational position between an end of

the sensing multicore optical fiber and an end of the
interrogating multicore optical fiber to the alignment
orientation; and

connecting the sensing multicore optical fiber to the

interrogating multicore optical fiber 1in the alignment
orientation.

3. The method of claim 2, wherein the adjusting includes
relative rotation between the sensing multicore optical fiber
and the interrogating multicore optical fiber.

4. The method of claim 1, wherein aligning the center
sensing core with the center mterrogating core comprises:

placing ends of the sensing and interrogating multicore

optical fibers 1n a groove of a structure; and

causing relative rotation between the sensing and inter-

rogating multicore optical fibers in the groove.

5. The method of claim 1, wherein the optical interfer-
ometry includes optical frequency domain retlectometry
(OFDR), and wherein the sensing multicore optical fiber 1s
assoclated with a medical instrument, and wherein OFDR
sensing and processing of reflected light from the sensing
multicore optical fiber 1s used to determine at least one of:
a position and a shape of at least a portion of the medical
instrument.

6. The method of claim 1, wherein the one or more
ofl-center sensing cores comprise multiple ofl-center sens-
ing cores and the one or more ofl-center interrogating cores
comprise multiple off-center interrogating cores, such that
the one or more ofl-center core pairs comprise multiple
ofl-center core pairs, and wherein the alignment orientation
1s 1dentified based on a largest minimum measured reflection
amplitude across the multiple off-center core pairs.

7. An apparatus for aligning a sensing multicore optical
fiber with an interrogating multicore optical fiber, the sens-
ing multicore optical fiber comprising a center sensing core
and one or more ofl-center sensing cores, and the interro-
gating multicore optical fiber comprising a center interro-
gating core and one or more ofl-center interrogating cores,
wherein the center sensing core 1s paired with the center

interrogating core, and wherein the one or more ofl-center
sensing cores are paired with the one or more ofif-center
interrogating cores to form one or more ofl-center core pairs,

the apparatus comprising:

an optical interferometer configured to interrogate, for an
ofl-center core pair of the one or more off-center core
pairs when the center sensing core 1s aligned with the
center interrogating core and the off-center core pair 1s
in a first orientation, the off-center core pair through the
off-center interrogating core and determine a first
reflection value from the off-center sensing core,

the optical interferometer further configured to interro-
gate, when the center sensing core 1s aligned with the
center iterrogating core and the off-center core pair 1s
in a second orientation, the ofl-center core pair through
the off-center interrogating core and to determine a
second reflection value from the off-center sensing
core; and

circuitry configured to 1dentify an alignment orientation
for connecting the sensing multicore optical fiber and
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the interrogating multicore optical fiber based on at
least the first reflection value and the second reflection
value.

8. The apparatus of claim 7, further comprising:

an actuator configured to adjust a relative rotational
position between an end of the sensing multicore
optical fiber and an end of the interrogating multicore
optical fiber to the alignment orientation, and

a connector configured to connect the sensing multicore
optical fiber to the interrogating multicore optical fiber
in the alignment orientation.

9. The apparatus of claim 8, wherein the actuator 1s
configured to rotate one or both of the sensing and interro-
gating multicore optical fibers.

10. The apparatus of claim 8, further comprising a struc-
ture having a groove, and wherein the actuator 1s configured
to rotate one or both of the sensing and interrogating
multicore optical fibers while the sensing and interrogating
multicore optical fibers are 1n the groove.

11. The apparatus of claim 8, further comprising a first
terrule for the sensing multicore optical fiber and a second
terrule for the interrogating multicore optical fiber, wherein
the actuator 1s configured to rotate one or both of the first and
second ferrules.

12. The apparatus of claim 11, further comprising a split
sleeve structure for a first end of the first ferrule and a second
end of the second ferrule, the split sleeve structure config-
ured to bring the ends of the sensing and interrogating
multicore optical fibers mto proximity for connection.

13. The apparatus of claim 7, wherein the optical inter-
ferometer performs optical frequency domain reflectometry
(OFDR).

14. The apparatus of claim 13, wherein the sensing
multicore optical fiber 1s associated with a medical instru-
ment, and wheremn OFDR sensing and processing of
reflected light from the sensing multicore optical fiber 1s
used to determine at least one of: a position and a shape of
at least a portion of the medical instrument.

15. The apparatus of claim 14, wheremn the medical
instrument comprises a catheter.

16. The apparatus of claim 7, wherein the one or more
ofl-center sensing cores comprise multiple ofl-center sens-
ing cores and the one or more off-center interrogating cores
comprise multiple ofl-center interrogating cores, such that
the one or more ofl-center core pairs comprise multiple
ofl-center core pairs, and wherein the circuitry 1s configured
to 1dentity the alignment orientation based on a largest
minimum measured retlection amplitude across the multiple
ofl-center core pairs.

17. A computer-aided medical system comprising:

a first multicore optical fiber having a center core and one

or more off-center cores;

a mounting interface for a medical mstrument, the medi-
cal mstrument comprising a second multicore optical
fiber having a center core and one or more oil-center
cores, wherein each core of the one or more off-center
cores 1n the first multicore optical fiber 1s paired with a
respective oll-center core of the one or more off-center
cores 1n the second multicore optical fiber to form one
or more ofl-center core pairs;

an optical interferometer coupled to the first multicore
optical fiber and configured to, for an off-center core
pair of the one or more ofl-center core pairs:
interrogate, when the center core of the first multicore

optical fiber 1s aligned with the center core of the
second multicore optical fiber, the ofl-center core
pair in a first orientation to determine a first retlec-
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tion value from the second multicore optical fiber 1n
the off-center core pair, and

interrogate, when the center core of the first multicore
optical fiber 1s aligned with the center core of the
second multicore optical fiber, the off-center core
pair 1 a second orientation to determine a second

reflection value from the second multicore optical
fiber 1n the ofi-center core pair, wherein the first

reflection value represents a first degree of alignment
for the ofl-center core pair, and wherein the second
reflection value represents a second degree of align-
ment for the ofi-center core pair; and
a processor configured to 1dentily an alignment orienta-
tion for connecting the first multicore optical fiber and
the second multicore optical fiber based on at least the
first retflection value and the second reflection value.
18. The medical system of claim 17, further comprising:
an actuator configured to adjust a relative rotational
position between an end of the first multicore optical
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fiber and an end of the second multicore optical fiber to

the alignment orientation; and

a connector configured to connect the second multicore

optical fiber to the first multicore optical fiber 1n
alignment orientation.

the

19. The medical system of claim 17, wherein the optical

interferometer includes an optical frequency domain re:
tometer, and wherein the optical frequency domain re:

Hec-
lec-

tometer 1s configured to sense and process reflected light

from the second multicore optical fiber to determine at least
one of: a position and a shape of at least a portion of the

medical mstrument.
20. The medical system of claim 17, wherein the on

C Or

more ofl-center core pairs comprise multiple ofi-center core
pairs, and wherein the processor 1s configured to 1dentify the
alignment orientation based on a largest minimum measured
reflection amplitude across the multiple off-center core

pairs.
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